A large majority of human microsatellite markers are longer than their homologues in chimpanzees, suggesting that more expansion mutations have occurred in the lineage leading to humans. However, such a length difference has also been explained as arising from the selection of unusually long microsatellites as genetic markers. In order to resolve this controversy and to establish the true source of the observed length differences, we have now conducted the necessary reciprocal study. We have compared the lengths of size-selected markers cloned from chimpanzees between this species and humans. We find that of 19 markers which were informative and polymorphic in both species, 13 are longer in humans. This result is incompatible with ascertainment bias being the sole explanation for the inter-specific length differences. We estimate that dinucleotide repeat microsatellites are an average of 3.2 repeat units longer in humans than in chimpanzees, implying a mutational bias in favour of microsatellite expansions and a higher average genome-wide microsatellite mutation rate in the human lineage.
INTRODUCTION
Microsatellites are arguably the most important class of genetic markers yet discovered. Although it is widely accepted that most mutations involve a length change of just one repeat unit (1, 2) , other aspects of microsatellite evolution remain unclear and the subject of controversy. For example, there is growing evidence from direct detection of germline mutations in pedigrees as well as from population studies that mutations resulting in the addition of a repeat unit are more common than those resulting in the loss of a repeat unit (1) (2) (3) (4) (5) (6) (7) . However, this pattern has yet to be reconciled satisfactorily with the general rarity of long microsatellites.
We previously examined 40 human microsatellite markers and their homologues in a panel of non-human primates, and showed that human loci tend to be longer (5) , a trend which is apparent in several other studies (3, (8) (9) (10) (11) (12) (13) . Taken at face value, these data indicate that, since their most recent common ancestor, more microsatellite expansion mutations have occurred in the lineage leading to humans compared with the lineage leading to chimpanzees. We suggested that this provided evidence that microsatellites tend to expand with time and are doing so more rapidly in humans (14) . However, an alternative explanation is that the length differences are due to ascertainment bias arising from the selection of longer than average human loci as markers (15) . Here we present the necessary reciprocal experiment showing that human microsatellites tend to be longer than their chimpanzee homologues, regardless of the species from which the loci were cloned. Our data comprise 38 chimpanzee-derived CA-repeat microsatellites (Table 1 and ref. 16) which were amplified in a panel of six chimpanzees and six humans.
RESULTS
Of the 38 chimpanzee-derived microsatellites, nine loci were excluded because they did not amplify products of the expected size consistently, and one because it amplified products from the chimpanzees but not from humans. Length comparisons for the remaining 28 informative loci are presented in Table 2 . Fourteen loci were longer in humans than in chimpanzees, eight were longer in chimpanzees and the remaining six showed no significant difference (P > 0.05 by Mann-Whitney two-sample rank test). This ratio of 14:8 does not differ significantly from the ratio of 33:7 longer in humans for human markers (P = 0.18, Fisher's exact test) (5), but does differ very significantly from the converse ratio of 7:33 (P = 0.0007) which would be expected from a reciprocal ascertainment bias. It is important to note that the chimpanzee-derived loci used in this current study have a similar mean repeat length compared with the human microsatellites used previously (5) (P = 0.13, two-tailed t-test). We therefore reject the null hypothesis that the greater length of human microsatellites can be explained by ascertainment bias alone. Since ascertainment bias alone cannot account for the observed pattern of length differences, we must consider the possibility that some of the effect is due to different rates of microsatellite expansion in the two lineages. This possibility raises a further complicating source of observer bias. Most markers are selected to be polymorphic in the species from which they were cloned. However, a proportion of homologues in other species are monomorphic. On average, monomorphic loci have lower mutation rates than equivalent polymorphic loci. Consequently, biased mutation favouring expansion will cause most monomorphic loci to be shorter than their polymorphic homologues. In practice, failure to exclude monomorphic loci will accentuate the ascertainment bias.
The size of the effect associated with monomorphism is shown clearly by a study in which 448 polymorphic microsatellites cloned from cattle were tested on sheep (17) . Whereas most polymorphic sheep loci are significantly longer than their bovine homologues (198/308 longer in sheep, or 64%), this trend is reversed among monomorphic sheep loci, where a large majority are shorter (109/131 shorter in sheep, 83%). Given this dramatic difference, we repeated our analyses after excluding three further loci which were polymorphic in chimpanzees but monomorphic in humans. As expected, all P-values become a little more extreme. Thus, the amended ratio of 13:6 does not differ significantly from the ratio of 31:6 longer in humans (polymorphic in both species) for human markers (P = 0.325, Fisher's exact test) (5), but does differ very significantly from the converse ratio of 6:31 (P = 0.0003) which would be expected from a reciprocal ascertainment bias. In addition, the trend is maintained if we conservatively restrict our analyses to dinucleotide repeat loci only: 13:6 does not differ from 19:3 (P = 0.315) but it does differ from the converse ratio of 3:19 (P = 0.0009).
For loci which are polymorphic in both species, the difference between the reciprocal comparisons can be used to estimate the size of the ascertainment bias affecting human-chimpanzee comparisons. For dinucleotide repeat loci cloned and characterized in humans (n = 22), human loci were an average of 5.18 repeat units longer than in chimpanzees, while dinucleotide repeats cloned from chimpanzees (n = 25) were on average 1.23 repeat units longer in humans. Assuming that the ascertainment bias is identical in both directions, its magnitude can be calculated as half of the difference between these means, which is 1.97 repeat units. By subtraction of this estimate of ascertainment bias from the result of 5.18 repeat units, we find that a difference of 3.21 repeat units remains which cannot be attributed to the ascertainment bias. Similarly, if all repeat types are included in this analysis, we obtain an estimate of 1.74 repeat units for the ascertainment bias and 2.44 repeat units for the inter-species difference. It should be noted that the confidence limits on these estimates of ascertainment bias are rather large (standard error of the mean is 0.91 for dinucleotide repeats and 0.73 for all loci), and larger data sets would allow the calculation of more accurate values.
DISCUSSION
By means of a reciprocal comparison, we have been able to calculate the size of the artefactual length difference between human and chimpanzee microsatellites which can be ascribed to the initial selection for long microsatellites as human markers. Over and beyond this, there remains a significant trend for human dinucleotide repeats to be on average 3.21 repeat units longer than their chimpanzee homologues. To explain this, we are left with the alternative two-part hypothesis. First, that there is mutational bias favouring expansion, confirming population genetic and direct mutation data. Second, these results argue that the mutation rate of microsatellites in the human lineage is greater than that in the chimpanzee lineage.
Reciprocal tests of microsatellite lengths have also been conducted on sheep and cows, but two studies reach contrasting conclusions. The larger study (17) , based on almost 500 markers, finds that of 20 ovine microsatellites which are polymorphic in both species, 16 are longer in sheep than in cattle. Conversely, among 308 microsatellites of bovine origin, 198 are longer in sheep than cattle (significantly different from 1:1, χ 2 = 25.14, 1 df, P < 0.0001). This clear finding that sheep microsatellites tend to be significantly longer than those of cattle regardless of the species of origin of the marker supports our conclusion that ascertainment bias does not provide a complete explanation for length differences between species. The other study is much smaller, based on only 13 bovine-derived microsatellites and 14 ovine-derived microsatellites (18) , and concludes that a strong ascertainment bias does operate. However, this study fails to exclude loci which are monomorphic in one or other species. Of their original 27 loci, only 14 loci (seven derived from each species) are polymorphic in both species, too few to detect a significant deviation from 1:1.
By quantifying the extent of the ascertainment bias and showing it to account for only about one-third of the observed length difference we originally reported, we have provided further support for the model in which human microsatellites are expanding more rapidly than their homologues in chimpanzees. The apparently greater mutation rate in humans could result from a number of phenomena. (i) Human polymerases and/or repair systems may be simply more error-prone than those in related species.
(ii) The frequency of microsatellite mutations seems to be correlated with the number of cell divisions involved in genesis of the germline, as suggested by the higher frequency with which microsatellite mutations are derived from paternal rather than maternal genetic contribution, and increasing rates of mutation in sperm with age (1, 2) . Since there is a longer period between sexual maturity and reproduction in humans compared with chimpanzees, this phenomenon could lead to inter-specific differences in mutation rates. (iii) Microsatellite allele length may be constrained by some type of length ceiling, which is lower in chimpanzees than in humans (8, 10, 19) . (iv) Microsatellite mutations may involve interchromosomal events (20, 21) with mutations occurring preferentially in heterozygotes with a large length difference between the alleles (2). Such heterozygote instability would increase the mutation rate in larger or expanded populations such as humans.
At present, we cannot exclude any of these possible explanations and, indeed, more than one may contribute to the observed pattern. The demonstration that sheep microsatellites are longer than cow microsatellites (17) could be called on to support suggestions (i), (iii) or (iv) [but probably not (ii)]. We currently favour (iv) as an explanation which could be generalized to many species without invoking idiosyncrasies in polymerases or length boundaries in each species. Further reciprocal studies of microsatellites in abundant species and their non-abundant congeners would provide valuable tests of this hypothesis, and help both to quantify and to understand the precise nature of the ascertainment bias.
Our results show that human microsatellites are on average longer than their chimpanzee homologues. This provides further support for the empirical finding of a bias towards mutations which increase the length of microsatellites, and suggests further that mutation-driven expansion is progressing faster in humans than in chimpanzees. Although the exact mechanism for this cannot be determined at present, it would be interesting to see whether this major deviation from the molecular clock for microsatellite evolution reflects a nuclear genome-wide phenomenon for other types of mutation.
MATERIALS AND METHODS

Amplification of microsatellite loci
(CA) n microsatellite loci were identified from a library of 500-750 bp fragments of AluI-digested chimpanzee DNA by standard methods (22) . Pairs of primers were designed from the sequences of 24 clones using the criterion of an uninterrupted TG/CA repeat of at least 12 repeat units (maximum cloned was 23 repeat units, mean size 17.3 repeat units). In addition, primers were designed to amplify one interrupted repeat of total 23 repeat units with four interruptions of two or three bases each (locus 22.52). Primer sequences for previously unpublished loci are given in Table 1 . PCR reactions were labelled by incorporation of [α-32 P]dCTP, and PCR products were compared with a known sequence ladder on 6% denaturing acrylamide gels.
DNA samples
Chimpanzee DNA samples were from unrelated Pan troglodytes troglodytes individuals at the International Centre for Medical Research, Gabon. Human DNA samples were collected from East Anglians and black South Africans. All DNA samples were from peripheral blood lymphocytes.
